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Abstract
Purpose  Unpaved road erosion represents a key source of terrigenous sediment threatening Caribbean coral reefs, yet no 
empirical data existed to document this in Culebra, Puerto Rico. Here, we compared unpaved road erosion to that from 
undisturbed hillslopes and evaluated the effects of road grading frequency and slope on erosion.
Methods  A total of 46 plot-scale rainfall simulation experiments were used to measure runoff response and erosion rates 
from undisturbed hillslopes and unpaved roads with varying slopes and time since grading. Rainfall rates recorded over a one-
year period combined with empirically derived infiltration capacity curves and erosion rates allowed for annualizing runoff 
and sediment production for natural hillslopes and four road types representing different grading frequencies and slopes.
Results  Infiltration rates from roads were between a tenth and a quarter of those from natural hillslopes and that lead to 
roads generating runoff five times more frequently than natural hillslopes annually. Road erosion rates were between 330 
and 760 times greater than those from undisturbed hillslopes, depending on slope and grading. Roads represent a dominant 
source of sediments responsible for increasing watershed-scale erosion rates from 1.1 to 25 times above background rates.
Conclusion  Unpaved roads represent a major source of the sediment that threatens the coral reefs of Culebra. Therefore, 
future new road building must be kept to a minimum and unpaved roads must be the focus of coral reef protection efforts.
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1  Introduction

The worldwide decline in live coral cover over the past 
few decades is likely a product of regional pressures 
(e.g., warmer sea surface temperatures and subsequent 
bleaching/disease), yet local stressors (e.g., overfishing, 
land-based sources of pollution) are of concern as these 
are viewed as vital in defining coral reef resilience (Souter 
et al. 2021; Virgen-Urcelay and Donner 2023). This is 

particularly true in the Caribbean, where bleaching events 
in 1998 and 2005 followed by widespread diseases caused 
a major drop in coral cover (Cróquer and Weil 2009; 
Goreau et al. 1998; Miller et al. 2009), but also where 
land development and its effects on water quality are 
still believed to have an unequivocal detrimental effect 
on coral reefs (Cramer et al. 2020; Suchley and Alvarez-
Filip 2018). Although we still lack rigorous long-term 
studies of the effects of exposure to terrestrial sediments 
on live coral cover and coral reef composition (Jackson 
et al. 2014; Rogers and Ramos Scharrón 2022), terrestrial 
sediments are believed to be a main source of marine 
water pollution and coral stress throughout the Caribbean 
(Restrepo et al. 2016; Roberts et al. 2017).

Coral reefs of the Puerto Rican archipelago have dis-
played the same adverse effects of bleaching and disease 
incidence as those reported throughout the Caribbean 
(Weil et al. 2009; Winter et al. 1998) while also being 
exposed to the pressures of impoverished water qual-
ity due to land development (Hernández-Delgado et al. 
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2012). In Puerto Rico (PR), terrestrial sediments are con-
sidered a major threat to corals (Ballantine et al. 2008; 
Larsen and Webb 2009), and many management plans are 
devoted to reduce terrestrial sediment loading into coral 
reef ecosystems (Carriger et al. 2013; Sturm et al. 2014). 
Shallow landslides provoked during high intensity rain 
events are a main source of terrestrial sediment through-
out the wet tropical areas of PR (Irizarri Brugman et al. 
2021; Larsen 2012), yet agricultural land, and unpaved 
roads within farms in particular, are also key sources of 
sediment (Ramos Scharrón and Thomaz 2017) that have 
become a key target for management plans (Gibbs et al. 
2021; Sturm et al. 2012).

The island-municipality of Culebra supports coral reef 
ecosystems that are characteristic of the northeastern Car-
ibbean marine biodiversity (Hernandez-Delgado et  al. 
2000) and represent valuable sources of fishing, tour-
ism, and recreational activities (Montañez Acuña 2022). 
Culebra is home to the first no-take natural reserve in PR, 
the Canal Luis Peña Natural Reserve (CLPNR) (Pagán-
Villegas et al. 1999), in addition to housing various coral 
reef and reef fisheries management conservation efforts 
(Hernández-Delgado et al. 2018) including those targeting 
terrestrial sediments (Viqueira Ríos et al. 2016). A wave of 
land development that began to take hold of Culebra in the 
1990s raised concerns on its potential adverse impacts on 
nearshore marine ecosystems due to increased terrestrial 
sediment loading (Collazo et al. 1992; Hernández-Delgado 
1992). Landslides are mostly absent in the dry tropical and 
relatively subjugated topography landscape of Culebra, and 
similar to other coastal dry tropical settings of the region, 
unpaved roads are the main source of sediments reaching 
coastal waters (Bégin et al. 2014; MacDonald et al. 1997; 
Nemeth and Nowlis 2001). Previous work conducted in 
nearby dry tropical areas has shown that the relative impact 
of unpaved roads depends on background runoff and ero-
sion rates, rainfall patterns, road grading frequency, and 
road slope (Ramos Scharrón et al. 2023).

Even though previous unpaved road erosion modeling 
work has been conducted in Culebra (Ramos Scharrón 
et al. 2012), the present work represents the first empirical 
documentation of the effects of unpaved roads in altering 
runoff and sediment generation on the island. The spe-
cific objectives of this article are to: (1) rely on experi-
mental data to generate infiltration capacity curves and 
to calculate average surface erosion rates for undisturbed 
hillslopes and unpaved roads under varying grading fre-
quency regimes and slopes and (2) calculate per unit area 
annualized runoff amounts and erosion rates for undis-
turbed hillslopes and roads and compare those with values 
published in the literature for other dry tropical areas in 
the Caribbean.

2 � Methods

2.1 � Study area

Culebra lies ~28 km east of mainland PR and consist of a 
26.6 km2 major land mass and 20 cays. Culebra lies within 
the PR-Virgin Islands microplate, an active deformation 
zone between the Caribbean and Atlantic plates (Jansma 
et al. 2000). Culebra has a maximum elevation of just shy 
of 200 m with slopes averaging 28%. The island’s veg-
etation is sub-tropical dry, typical where annual rainfall 
rates are low relative to evapotranspiration potential (Ewel 
and Whitmore 1973). About 45% of the island is covered 
with lowland dry shrubland and woodland, 27% is lowland 
dry semideciduous forest, 14% is dry grasslands, 2% is 
mangroves and only 3% is developed (Gould et al. 2008). 
Watersheds within Culebra do not exceed 3 km2 in drain-
age area and mostly are drained by ephemeral streams.

Historical land uses in Culebra are surprisingly var-
ied given its small size and location relative to mainland 
PR. These uses include having served as the site for live 
ammunition training for the US Navy’s Atlantic Fleet 
(1901–1978), hosting the first wildlife refuge of the entire 
Insular Caribbean (Culebra National Wildlife refuge 
established in 1909), and becoming a tourism hub from 
the 1990s onward. The main natural resource attractions 
in Culebra are its internationally acclaimed white sand 
beaches, its resident population of green turtles feeding 
from the island’s seagrass beds, and its coral reefs. How-
ever, increases in soil erosion caused by the relatively 
recent land development surge and the accompanying 
extension of the unpaved road network have increased 
terrigenous sediment loading to Culebra’s coral reefs 
and associated habitats (Gómez-Andújar and Hernandez-
Delgado 2020; Otaño-Cruz et al. 2017, 2019). Roads are 
mostly used by light vehicles accessing individual home 
properties with only occasional usage by heavier vehicles 
mostly during homesite construction. Unpaved road den-
sities in Culebra’s watersheds range from the low to the 
moderate with values from 0.7 to 6.4 km km−2 (Ramos 
Scharrón et al. 2012). Assuming an average road tread 
width of 5 m, these densities imply that roads occupy 
between 0.3 and 3.2% of these watersheds. Most roads 
are built and maintained without any stormwater or ero-
sion control provisions even though new optional guide-
lines have been developed (Kitchell et al. 2021). Culebra 
is a priority coral reef protection site for the Common-
wealth of Puerto Rico (PR-Commonwealth and NOAA-
CRCP  2010), and it represents a location where water-
shed restoration actions targeting unpaved roads and other 
sources of pollution have been implemented (Viqueira 
Ríos et al. 2016).
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2.2 � Rainfall simulation experiments  
and statistical analyses

A total of 46 rainfall simulations were conducted in three 
distinct areas of Culebra (Fig.  1a). All of three areas 
share the same lithological and soil substrates (i.e., augite 
andesitic lavas and well-drained clay loams of the Descalab-
rado soil series) (Banks 1962; Soil-Survey-Staff Undated), 
topographic relief characteristics, and annual rainfall 
(~ 1160 mm yr−1; Daly et al. (2003)). Experiments were 
conducted using a standardized rainfall simulator design 
(Luk et al. 1986) and bounded plots delimited by ~ 2.5-cm-
thick iron plates vertically pounded into the soil (Fig. 1b–g). 
Field-measured plot surface areas and slopes were between 
2.1 and 4.0 m2 and 2–40%, respectively (Supplementary 
Materials A.1). Rainfall application during the experiments 
lasted between 60 and 225 min. The longest experiments 
were for undisturbed hillslopes as it took more than the 
standard 60 min for any runoff to be generated from them. 
Rainfall was measured every 5 min as the arithmetic aver-
age of readings from 6 manual rain gauges placed along 
the periphery of each plot. Experimental rainfall intensities 
were in the 30 to 70 mm hr−1 range (48 mm hr−1 average), 
which represent 1-h rain rates expected to occur in Culebra 
between once a year to once every 25 years, respectively 
(every 5 years for the average value) (Bonnin et al. 2006).

Experimental surfaces were classified based on a two-
tier organization system for the purposes of site selection 
and analyses. Tier-1 simply classifies plots into natural 
hillslopes (NAT) and either ungraded or graded roads. Nat-
ural hillslopes sites were a combination of shrubland and 
grassland. Road surfaces that were last graded within two 
years of the experiments were categorized as graded (GR), 
while those that were not were labelled as ungraded (UG) 
following previous road erosion work in nearby St. John-
US Virgin Islands (Ramos Scharrón and MacDonald 2007). 
Tier-2 further divides the two road surface types by slope 
using 20% as the cutoff for low-to-moderate (LM) and steep 
(S) types. Therefore, the study design relied on the follow-
ing five surface types: natural hillslopes (NAT), ungraded 
roads with low-moderate slopes (UG-LM) and those with 
steep slopes (UG-S), and graded roads with low-moderate 
(GR-LM) and steep slopes (GR-S).

2.2.1 � Runoff analyses

Runoff rates were measured at every 1-min interval in m3 s−1  
as the rate of runoff exiting each plot over a 5- to 15-s period.  
The ratio of total runoff to net average rainfall determined 
the runoff coefficient (R.C.) of each experiment. Com-
parisons of average R.C. values among the five different  
surface types were based on ANOVA and Tukey’s Honest 

Significance Difference tests after testing for normal distri-
bution following the Shapiro-Wilk test (Zar 1999).

For every experiment, differences between rain intensity 
averages ( Rt ) and 1-min discharge rates ( Qt ) were used to 
calculate intra-storm infiltration capacities ( It ) (all in mm 
hr−1) as shown in Eq. (1):

It values during the last 15 min of each simulation were 
averaged based on each of the five plot types as the final 
infiltration rate ( If ) .  If  values for all group types were com-
pared based on ANOVA and Tukey’s HSD tests after being 
tested for normal distribution based on the Shapiro-Wilk test 
(Zar 1999). Results for individual experimental plots were 
averaged over every 1-min time step based on statistically 
different Tier-2 groupings to obtain a combined infiltration 
capacity curve for each statistically distinct surface type.

Infiltration capacities for road plots were modeled simi-
larly to previous road runoff studies (Ramos Scharrón and 
LaFevor 2016; Ziegler and Giambelluca 1997) following the 
equation developed by Loague and Freeze (1985):

where Ît is predicted infiltration capacity (in mm hr−1) at 
time t in hours, S is sorptivity or the soil’s ability to absorb 
water through capillary tension (in mm h−1/2), and Ksat is sat-
urated hydraulic conductivity in mm hr−1. The two parame-
ters in Eq. (2) were manually fitted to the average infiltration 
capacity curve for every unique surface type following both 
a graphical calibration approach and by seeking to maxi-
mize the model efficiency coefficient (Nash and Sutcliffe’s 
coefficient or NS-R2) (Nash and Sutcliffe 1970). Given the 
shape of the empirically derived infiltration capacity curve 
for undisturbed hillslopes, it was not possible to fit the model 
to these data, and we had to recur to other more informal 
approaches as it will be discussed later.

2.2.2 � Erosion analyses

The same two-tier system used to analyze R.C. and If  was 
used to evaluate differences in mean erosion rates ( Er  ) 
among the five different surface types. During every experi-
ment, runoff samples were collected in 0.5-L plastic bottles 
from the outlet of the collection trough at the onset of over-
land flow and at every 5-min interval as described by Ramos 
Scharrón and Thomaz (2017). Samples were analyzed for 
suspended sediment concentration based on the evaporation 
method (ASTM 2000). The combination of observed run-
off rates, suspended sediment concentration, plot surface 
area, and rainfall allowed for the calculation of intra-storm 
sediment loss rates (in g min−1) and area-rain normalized 

(1)It = Rt − Qt

(2)Ît =
1

2
×
[

S × t−1∕2 + Ksat

]
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Fig. 1   The island of Culebra and study areas. a Map of Culebra displaying the general location of the rainfall simulation study sites, the rain 
gauge, and roads; b, c A natural hillslope surface and plot; d, e An ungraded road surface and plot; f, g A graded road surface and plot
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erosion rates ( Er in g m−2 mm−1) for every minute of each 
experiment. There is an important difference in how area-
rain normalized average erosion rates for the five surface 
types were tested relative to R.C. and infiltration. The dif-
ference is that erosion analyses relied on intra-storm erosion 
rates (in g m−2 mm−1) for every 1-min time step for which 
runoff was measured, while rainfall was occurring instead of 
relying on experiment-by-experiment average values. This 
allowed for a significantly larger sample size (n = 2259 vs 
n = 46) and thus improved statistical power. As for hydro-
logic analyses, differences in mean erosion rates were tested 
based on one-way ANOVA and Tukey’s post hoc HSD tests 
after being evaluated for normality using the Shapiro-Wilk 
test. A single average area-rainfall normalized erosion rate 
( Er  ) was calculated for every surface identified as unique 
from an erosion rate perspective.

2.3 � Annualized runoff and erosion rates

Storm-by-storm runoff was estimated for natural and road 
surfaces based on the difference between recorded rainfall 
rates and infiltration capacity curves. Rainfall rates in Cule-
bra were measured from Aug. 17 to Jul. 18 by a recording 
rain gauge in the Punta Aloe area (Fig. 1a). In combina-
tion with the minute-by-minute estimated runoff rates, Er 
values for each unique erosion surface type were used to 
estimate storm-by-storm and annualized sediment losses in 
Mg ha−1 yr−1. Erosion totals (in g m−2) for every storm were 
calculated by summing the product of minute-by-minute 
rainfall total (in mm) times the average rain and area normal-
ized erosion rate for each surface type ( Er in g m−2 mm−1) 
only for those 1-min periods for which precipitation excess 
was estimated. Annualized rates were compared to those 
reported in the literature for dry tropical areas.

3 � Results and discussion

3.1 � Runoff

On average ~ 70  min and ~ 65  mm of rain at a rate 
of ~ 55 mm hr−1 were needed to generate any runoff from 
natural hillslopes (Fig.  2a). Runoff rates from natural 
hillslopes stabilized at roughly 20–30% of rainfall rates 
about 210 min into the experiments. In contrast, road runoff 
began 2–4 min into the experiment and after only ~ 2 mm of  
rainfall at rain intensities of 35–50 mm hr−1 range. Road 
runoff rates stabilized at 70–100% of rain rates ~ 25 min into 
the experiments. Runoff coefficients for natural hillslopes 
averaged only 3% and were statistically different from the 
66–88% range of average coefficients for all four road 
types (Fig. 2b). Runoff coefficients for roads with low 
and moderate slopes were generally lower than those for 

steep roads although the differences were not all statisti-
cally significant. Grading did not prove to have any impact 
on runoff coefficients even though grading activities were 
performed by heavy machinery that included compaction 
with a 15-Ton roller.

The infiltration rate curve for natural hillslopes displayed a 
different behavior than that which could be modeled by Eq. (2).  
This is because values remained high for a relatively long 
period before they exponentially dropped and asymptotically 
approached saturated levels. Given the shape of the resulting 
infiltration curve  for natural hillslopes, we recurred to 
modeling infiltration capacities assuming a constant value of 
55.8 mm hr−1 during the first 175 min of rainfall and a value 
of 33.5 mm hr−1 for times beyond 225 min. The 33.5 mm hr−1 
value is very similar to the empirically-derived average 
Ksat value of 36.2 mm hr−1 for undisturbed soils in Culebra 
determined with a Guelph permeameter (McLaughlin 2019). 
For the transition period between 176 and 225 min, we relied 
on an exponential curve determined by regression analyses 
to estimate the decline in infiltration capacities (R2 = 0.56; 
Fig. 3a). In contrast to natural hillslopes, infiltration rates for 
roads were 35–54 mm hr−1 early during the rainfall simulations 
and dropped to 3.5–10.6 mm hr−1 during the last 15 min of the 
experiments (Fig. 2c–d). The highest If   values were for low 
and moderate sloped roads. However, neither the effects of road 
grading nor slope proved to have a statistically consistent effect 
on infiltration rates. Therefore, data for all roads regardless 
of type was used in calibrating Eq. (2) for which we settled 
on 12 mm hr−1/2 and 8 mm hr−1 for S and Ksat, respectively 
(Fig. 3b). Infiltration capacity and Ksat values for roads in 
Culebra are within the range of values reported in the literature 
for roads in different parts of the world (~ 0.0–3.6 mm hr−1 
range) (Kastridis 2020; Ziegler et al. 2007) including the dry 
tropics (~ 6-mm hr−1 range; Ramos Scharrón et al. (2023)).

3.2 � Erosion

Intra-storm Er on natural hillslopes averaged 0.02 g m−2 mm−1 
and ranged from 0.0005 to 0.14 g m−2 mm−1 (Fig. 2e–f). In 
contrast, road Er values were 75–170 times greater depend-
ing on time since grading and slope with values ranging from 
0.07 to 10.5 g m−2 mm−1. Results show that both road grading 
and slope had an effect on erosion rates as average values for 
each of the four road types were statistically different from all 
others. The effects of grading and slope on road Er were inter-
related as has been noted for unpaved roads in both dry and 
wet tropical areas of PR (Ramos Scharrón et al. 2023). Grading 
increased erosion by 23% for roads with low-moderate slopes, 
while its effect was higher at 41% for steep roads. Increases 
from low–moderate to steep slopes increased erosion by 62% 
for ungraded roads, but slope differences amounted to an 85% 
increase in Er for graded roads.
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3.3 � Annualized runoff and erosion rates

Rainfall totaled 1289 mm between Aug. 2017 and Jul. 2018, 
and this is only 11% higher than the normal 30-year average. 
Observed rainfall occurred during 323 individual storms 
with individual sizes ranging from 0.2 to 97.5 mm (average 

of 4.0 mm) which included rain associated to Hurricanes 
Irma and María in Sept. 2017 (Supplementary Materials 
A.2). Five-minute natural rain intensities reached a maxi-
mum of 142 mm hr−1 and averaged 8.8 mm hr−1. About 99% 
of all 5-min rainfall intensities were below those with an 
expected recurrence interval of 1 year (69 mm hr−1), while 

Fig. 2   Rainfall simulation results. a Runoff rates versus time since 
start of simulation. b Average runoff coefficients (R.C.). c Empiri-
cally derived infiltration rates versus simulation time. d Average 
final infiltration rates ( If  ) and 60-min rainfall intensities with 1-year, 

2-year, and 5-year recurrence intervals according to Bonnin et  al. 
(2006). e Average erosion rates versus simulation time. f Average ero-
sion rates ( Er ). For graphs (b), (d), and (f), columns with different 
letters represent statistically significant differences in average values
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the maximum intensity recorded has a recurrence interval 
between 5 and 10 years (Bonnin et al. 2006).

Runoff from undisturbed hillslopes was estimated dur-
ing only 18 of the 323 rain events (5.6%) and amounted 
to an overall runoff coefficient of 3.9%. In contrast, road 
runoff was expected during 90 or 28% of all the rain events 
and amounted to a runoff coefficient of 34% (Fig. 4a). 
Therefore, road surfaces are expected to generate run-
off roughly five times more frequently than undisturbed 
hillslopes. Not all road runoff gets delivered to coastal 
waters as road-to-coast connectivity depends on road char-
acteristics, the characteristics and distance between road 
drains and receiving water body, and storm size (Benda 
et al. 2019). However, it is important to note the frequency 
of road runoff occurrence estimated for Culebra (~ 40 times 
in one year) with the fact that under undisturbed condi-
tions, ephemeral streams in this climatic regime deliver 
runoff to coastlines only ~ 4 times per year only when 

storms exceed ~ 10–78 mm of rainfall (Larson et al. 2015; 
Ramos Scharrón and LaFevor 2018).

Based on rainfall registered between Aug. 2017 and Jul. 
2018, annual road erosion rates in Culebra range from 12 
to 27 Mg ha−1 yr−1 depending on time since grading and 
slope. Differences in annual erosion rates among the four 
road types are the same as those documented for the simula-
tion experiments given that our estimates relied on a singular 
infiltration capacity equation for all road types (Fig. 3b). 
Annualized road erosion rates for Culebra are on the mid-
range of values reported for other dry tropical areas in the 
Caribbean (i.e., St. John-USVI and La Parguera and Cabo 
Rojo in Southwest PR) which average ~ 47 Mg ha−1 yr−1 
(Ramos Scharrón et al. 2023), yet individually have reached 
up to 580 Mg ha−1 yr−1 (Ramos Scharrón and MacDonald 
2007) (Fig. 5). Annualized road erosion rates in Culebra 
are between 330 and 760 times greater than natural erosion 
(~ 0.035 Mg ha−1 yr−1). For other areas of the dry tropics, 

Fig. 3   Infiltration capacity models. a Natural hillslopes and b roads. NS-R2 refers to the Nash-Sutcliffe efficiency coefficient

Fig. 4   Annualized cumulative rainfall and estimated runoff (a) and erosion (b) for natural hillslopes and roads. Day 0 represents 1 Aug. 2017. 
NAT refers to natural hillslopes; RDS refers to roads
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annual unpaved road erosion it is about 75 times above back-
ground, although steep and frequently graded road segments 
(up to twice per year) have been shown to have a four-order 
of magnitude impact (Ramos Scharrón and MacDonald 
2007). The overall higher impact of unpaved roads on ero-
sion documented for Culebra is due to the island’s lower 
natural erosion rates relative to other areas for which the 
annual average is more than one-order of magnitude greater 
(~ 0.63 Mg ha−1 yr−1). The lower natural erosion rates may 
be due to higher vegetation density of the island’s shrubland 
and grassland surfaces relative to patchier open woodland 
and thorn-and-cactus vegetation cover of previously docu-
mented sites in La Parguera-PR and eastern St. John and St. 
Croix in the USVI (respectively) (MacDonald et al. 2001; 
Ramos Scharrón et al. 2023).

3.4 � Implications of study results

Our analyses show that it takes either an extremely long 
individual rainstorm (> 3 h) or presumably wet initial condi-
tions for infiltration capacities of natural hillslopes to drop to 
rates that are within the range of commonly occurring rain-
fall intensities with recurrence intervals of less than 2 years 
(30–40 mm hr–1) (Figs. 2d and 3a). This explains the pau-
city of predicted runoff on natural hillslopes. Between Aug. 
2017 and Jul. 2018, only 18 of the 323 rain events observed 
in Culebra likely generated any excess precipitation runoff 
from natural hillslopes (Fig. 4a). In contrast, infiltration 
capacities of unpaved roads drop below 10–15 mm hr−1 only 
15 min after the beginning of rainfall which is well within 
range of frequently occurring rain intensities (Figs. 2d and 
3b), and this allows unpaved roads to generate runoff five 

times more frequently than undisturbed hillslopes (Fig. 4). 
The large discrepancy in infiltration capacities and run-
off generating frequencies between natural hillslopes and 
unpaved roads have two important implications for water-
shed management. First, this confirms that roads can poten-
tially increase the frequency of runoff and sediment delivery 
from watersheds to marine ecosystems as it has been shown 
in other tropical areas (Wemple et al. 2018), islands of the 
Caribbean (Nemeth and Nowlis 2001), and as was previously 
speculated in Culebra (Otaño-Cruz et al. 2017). Second is 
that the high infiltration rates of undisturbed hillslopes 
potentially can be used to impede road runoff delivery to 
coastlines by carefully managing road drainage and using 
hillslopes as buffer zones (Zhao et al. 2022). The results of 
this study will be integrated within a spatially explicit road 
runoff and sediment connectivity model (Ramos Scharrón 
2021) that will allow mapping of road runoff delivery poten-
tial and evaluating the effects of management actions such 
as insloping, increasing road drain densities, and building 
of detention ponds to prevent road-to-coastline connectivity.

Annual road erosion rates in Culebra range from a low 
of 11.7 Mg ha−1 yr−1 for roads with less than 20% slopes 
that have not been graded for over two years, up to a high 
of 26.8 Mg ha−1 yr−1 for recently graded roads exceeding 
20% in slope. Based on these values and considering that 
unpaved roads in Culebra occupy between 0.3% and 3.2% 
of the land surface, annual watershed-scale sediment pro-
duction rates from roads on the island are between 0.04 and 
0.86 Mg ha−1 yr−1 or 1.1 to 25 times greater than under 
undisturbed conditions (respectively). These values imply 
that for every 1% of a watershed occupied by roads, sedi-
ment production increases by three to almost eight times 
above background rates. These findings stress the high sensi-
tivity of this landscape to land development in terms of ero-
sion and potentially terrigenous sediment loading to coastal 
waters. Additionally, the results of this study highlight the 
importance of maintaining new unpaved road construction 
to an absolute minimum and prioritizing the existing road 
network as a target of watershed restoration activities to help 
Culebra’s coral reef ecosystems maintain their resilience to 
both regional and local stressors.

4 � Conclusions

Accelerated sediment production from unpaved roads are 
perceived as a major local threat for the coral reefs in the 
vicinity of the island of Culebra in Puerto Rico. This study 
relied on plot-scale rainfall simulation experiments to evalu-
ate the effects of rainfall, road grading frequency, and slope 
on runoff generation and erosion. Results showed that roads 
have infiltration capacities in the 4–11 mm hr−1 range and 
that these are between a tenth and a quarter of those from 

Fig. 5   Annual erosion rates estimated for natural hillslopes and 
unpaved roads in Culebra and for other dry tropical areas. Columns 
represent mean values and error bars represent standard errors. 
D-NAT and D-RDS refers to average natural and road erosion 
rates for dry tropical areas of the Caribbean as compiled by Ramos 
Scharrón et al. (2023)
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undisturbed hillslopes. Comparisons between observed 
rainfall intensities and empirically derived infiltration 
capacity curves showed that road runoff can occur about 
five times more frequently than hillslope runoff, and this 
highlights the potential for roads to increase the frequency 
of sediment delivery to coastal waters in this ephemeral dry 
tropical system.

Road erosion rates were found to be controlled by road 
grading and slope. In Culebra, ungraded roads with low-
moderate slopes of less than 20% erode at an annual rate 
of ~ 12 Mg  ha−1  yr−1. Erosion from steep roads graded 
at least once over the last two years is ~ 27 Mg ha−1 yr−1. 
Therefore, road erosion rates are between 330 and 760 times 
greater than those from natural hillslopes. Given that roads 
on Culebra occupy 0.3–3.2% of the land surface, water-
sheds containing roads have sediment production rates 
of 0.04–0.86 Mg ha−1 yr−1, and these are 1.1 to 25 times 
greater than under undisturbed conditions. The results of 
this study highlight the dominant role of unpaved roads as 
terrigenous sediment sources that can potentially affect coral 
reefs near Culebra and in other dry tropical areas.
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